Complexins (Cplxs) are key regulators of synaptic exocytosis, but whether they act as facilitators or inhibitors is currently being disputed controversially. We show that genetic deletion of all Cplxs expressed in the mouse brain causes a reduction in Ca 2؉ -triggered and spontaneous neurotransmitter release at both excitatory and inhibitory synapses. Our results demonstrate that at mammalian central nervous system synapses, Cplxs facilitate neurotransmitter release and do not simply act as inhibitory clamps of the synaptic vesicle fusion machinery.
S
ynaptic exocytosis and constitutive secretion share a similar membrane fusion machinery involving the soluble Nethylmaleimide-sensitive factor attachment protein receptors (SNAREs) and SM proteins (1, 2) . Constitutive secretion occurs spontaneously and continuously. In contrast, Ca 2ϩ -triggered synaptic exocytosis is the most tightly regulated membrane fusion reaction and exhibits extremely high speed and accuracy (3) . The molecular basis of this exquisite regulation of synaptic vesicle fusion is still not fully understood. One recent hypothesis states that even at synapses the SNARE-mediated fusion is constitutively active and that a clamping mechanism arrests the fusion machinery until the arrival of a Ca 2ϩ -dependent triggering signal, which removes the clamp and allows constitutive fusion to resume (4, 5) . However, it is difficult to reconcile this hypothesis with the fact that constitutive secretory processes proceed by several orders of magnitude more slowly than fast neurotransmitter release (3) . An alternative hypothesis is that the SNAREmediated membrane fusion is intrinsically slow (6) . To achieve the speed and accuracy of synaptic exocytosis, additional facilitatory and inhibitory mechanisms are necessary to accelerate and fine-tune synaptic vesicle fusion (3, 7) .
Complexins (Cplxs) constitute a family of SNARE complex binding proteins (8) (9) (10) (11) that were suggested to be either facilitators or inhibitors of vesicle exocytosis (5, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . The mouse genome contains four Cplx genes (CplxI-IV). CplxI, II, and III are expressed in the brain and the retina, whereas Cplx IV is present only at retinal ribbon synapses (11) . CplxI and CplxII double knockout (CplxI/II-DKO) mice exhibit reduced Ca 2ϩ -triggered fast neurotransmitter release at hippocampal glutamatergic synapses, indicating that Cplxs are positive regulators of transmitter release (15) . In contrast, Cplxs inhibit SNAREmediated liposome and cell fusions in vitro, which led to the hypothesis that Cplxs act as fusion clamps of synaptic exocytosis (5, 18) . At the larval neuromuscular junction of a Drosophila Cplx (dmCplx) null-mutant, the spontaneous transmitter release is drastically increased (20) . This observation was interpreted as evidence for the fusion clamp function of Cplxs, even though Ca 2ϩ -evoked release is decreased in the same mutant (20) . The apparent difference of Cplx function in mouse neurons as compared with that in fly neuromuscular junction and in vitro fusion assays was suggested to be caused by the compensatory effects of the yet-uncharacterized CplxIII and CplxIV in CplxI/ II-DKO mice, thus confounding the interpretation of the mouse CplxI/II-DKO phenotype (5, 18, 20) . However, this hypothesis is not compatible with the finding that overexpression of mouse CplxIII or CplxIV rescues the phenotype of CplxI/II-DKO hippocampal neurons (11) .
To stringently define the role of Cplxs in synaptic exocytosis at mammalian synapses, we genetically eliminated all Cplxs expressed in the mouse brain and studied neurotransmitter release at two major types of synapses in the central nervous system, excitatory and inhibitory synapses.
Results
Generation of CplxI/II/III Triple KO Mice. We used homologous recombination in embryonic stem cells to generate CplxIII-KO mice (Fig. 1) . The first coding exon of CplxIII was replaced by a neomycin resistance cassette ( Fig. 1 a and b) . Western blot analyses confirmed that the expression of CplxIII was eliminated in the brain of homozygous mutant mice (Fig. 1c) . We bred CplxIII-KO mice with the previously generated CplxI-KO and CplxII-KO mice (15) We used whole-cell patch clamp recording to study neurotransmitter release in cultured autaptic hippocampal excitatory and striatal inhibitory neurons. We first examined the basal synaptic transmission by evoking action potentials at low frequency (0.2 Hz) and measuring the synaptic responses. Action potential-evoked excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs, respectively) from CplxIII-KO and CplxII/ III-DKO neurons were indistinguishable from their respective controls (Fig. 2 a-c) . However, both EPSCs and IPSCs were drastically reduced in CplxI/II-DKO and CplxI/II/III-TKO neuAuthor contributions: M.X., N.B., W.Z., C.R., and K.R. designed research; M.X., A.S., H.C., C.R., and K.R. performed research; M.X., A.S., W.Z., C.R., and K.R. analyzed data; and M.X., N.B., W.Z., C.R., and K.R. wrote the paper.
The authors declare no conflict of interest. Fig. 3 a-d ). These reductions in the basal synaptic transmission are caused by defects in the presynaptic release process because the amplitudes of miniature EPSCs and IPSCs (mEPSCs and mIPSCs, respectively) were either unchanged or only slightly reduced as compared with the controls (Table S1 and see below). To directly assess Ca 2ϩ -triggered release efficiency, we measured vesicular release probability (P vr ). P vr is defined as the fraction of vesicles in the readily releasable pool (RRP) that is released by a single action potential. We recorded synaptic responses induced by hypertonic sucrose solution to measure the sizes of RRP (23) and found no significant changes in any of the Cplx mutant neurons as compared with their controls (Table S1 ). This finding indicates that the numbers of fusion-competent vesicles are normal in the absence of Cplxs. Consequently, the P vr of CplxIII-KO or CplxII/III-DKO was not changed as compared with their controls (Fig. 2d ). In contrast, P vr was reduced to Ϸ50% of the control levels in CplxI/II-DKO and CplxI/II/III-TKO neurons ( Fig. 3 e and f ). These results indicate that Cplxs promote Ca 2ϩ -triggered synaptic exocytosis at a postpriming step.
rons (
Altered Short-Term Plasticity in CplxI/II-DKO and CplxI/II/III-TKO Neurons. Changes in release probability often lead to alterations in short-term plasticity of synaptic transmission. In general, trains of action potentials cause synaptic depression or facilitation at synapses with high or low initial release probability, respectively (24) . Consistent with the P vr data, the synaptic responses of CplxI/II-DKO and CplxI/II/III-TKO neurons during a train of high-frequency stimulation showed marked initial facilitation, whereas those of WT, CplxIII-KO, and CplxII/III-DKO neurons showed depression (Fig. 4 a and b, Fig. S2 ).
Reduced Apparent Ca 2؉ Sensitivity of Release in CplxI/II-DKO and
CplxI/II/III-TKO Neurons. We next studied the Ca 2ϩ dependence of fast transmitter release by measuring the amplitudes of the evoked synaptic responses as a function of the external Ca 2ϩ concentrations. The data were fitted with a standard Hill equation to obtain the dissociation constant (K d ) as a measure of the apparent Ca 2ϩ sensitivity of release. Neither CplxIII-KO nor CplxII/III-DKO showed changes in apparent Ca 2ϩ sensitivity of glutamate and GABA release (Fig. S3) , whereas CplxI/II-DKO and CplxI/II/III-TKO neurons exhibited a 2-fold reduction in the apparent Ca 2ϩ sensitivity of both glutamate and GABA release as compared with the control neurons (Fig. 4 c and d) .
Taken together, our results demonstrate that Cplxs enhance the Ca 2ϩ sensitivity of release machinery to facilitate synaptic vesicle fusion.
Reduced Spontaneous Release in CplxI/II-DKO and CplxI/II/III-TKO
Neurons. We recorded mEPSCs and mIPSCs from autaptic hippocampal and striatal neurons, respectively, to examine the spontaneous transmitter release. CplxIII-KO and CplxII/III-DKO do not show significant changes in either the amplitude or the frequency of mEPSCs and mIPSCs (Table S1 ). However, mEPSC frequencies were reduced by Ϸ30% in CplxI/II-DKO and CplxI/II/III-TKO neurons, whereas mIPSC frequencies were unaltered ( Fig. 5a and SI Text) . We also tested the spontaneous release at interneuronal synapses from mass cultured hippocampal neurons and found that mEPSC frequencies also tended to decrease in CplxI/II-DKO and CplxI/II/III-TKO mice (Fig. S4) . To verify these results in intact brain slices, we studied the respiratory brainstem network, where the synaptic connections are already functional at birth. Consistent with the results of cultured neurons, mEPSC and mIPSC frequencies in the neurons of the pre-Bötzinger complex (preBötC) were decreased in CplxI/II-DKO and CplxI/II/III-TKO mice (Fig. 5 b-d) , as were the spontaneous postsynaptic currents (Figs. S5 and S6) . Notably, we also found a slight, but significant, reduction in mEPSC amplitudes of CplxI/II-DKO and CplxI/II/III-TKO neurons (Table S1 and Figs. S4a and 6c). This reduction could be caused by changes in vesicular neurotransmitter content or neurotransmitter release kinetics. It is also possible that the postsynaptic receptor density and/or function are reduced in the absence of Cplxs. SNAREs have been implicated in glutamate receptor trafficking (25, 26) , and this process might be facilitated by Cplxs. Consistent with this possibility, hippocampal neurons of SNAP-25 KO mice also showed reduced mEPSC amplitude (27) . In contrast to the increase of spontaneous release in dmCplx mutant, our results indicate that mammalian Cplxs do not act as fusion clamps to inhibit spontaneous vesicle fusion, at least in the five synapse types we tested here.
Discussion
In summary, our data show that genetic elimination of all Cplxs in the mouse brain results in a strong reduction in the probability of fast Ca 2ϩ -triggered release at both glutamatergic and GABAergic synapses because of a decrease in the apparent Ca 2ϩ sensitivity of the release process. Spontaneous vesicle fusion in cultured neurons and in neurons of acute brainstem slices does not increase upon removal of Cplxs. Hippocampal and striatal neurons from CplxI/II-DKO and CplxI/II/III-TKO mice showed almost identical phenotypes, indicating that CplxI and CplxII are the major isoforms at these synapses. This finding is consistent with the extremely low expression levels of CplxIII in the brain (Fig. S1 ). In contrast, CplxIII levels are high in ribbon synapses of retinal photoreceptors and bipolar cells (11) . Consequently, CplxIII-KO mice show aberrations in electroretinographic recordings that are indicative of defects in ribbon synapse function (K. R., N. B., and J. Ammermüller, unpublished results). In addition, overexpression of CplxIII or CplxIV can rescue the CplxI/II-DKO phenotype in hippocampal neurons (11) . Taken together, our results indicate that all mouse Cplxs promote neurotransmitter release at central synapses. This conclusion is in direct contrast with a recent study on dmCplx (20) and the studies using in vitro fusion assays (5, 18) , which indicate that Cplxs are fusion clamps. It is currently unclear what factors determine the phenotypic differences between Cplx gene mutations in fly and mouse. Protein sequence alignments show that the SNARE complex-binding regions are conserved between dmCplx and murine Cplxs. Murine Cplxs and dmCplx both bind to the assembled SNARE complexes (9, 11, 18) , and deletion of Cplxs in both mice and flies reduces Ca 2ϩ -evoked release (20) , indicating that murine Cplxs and dmCplx share essential common properties. However, the respective N-and C-terminal sequences are significantly different (11, 20, 21) . Structurefunction analyses of the N terminus of murine CplxI reveal that the first 26 residues are essential for the facilitatory function of CplxI, whereas the N-terminal accessory ␣-helix (residues 29-47) has a mild inhibitory effect on transmitter release (21) . It was proposed that the inhibitory function of the accessory ␣-helix might be caused by an interference with Synaptobrevin-2 binding to target-SNARE dimers or with complete zippering of trimeric SNARE complexes (21) . This model suggests that there may be a direct interaction between CplxI and the 1:1 Syntaxin/ SNAP-25 binary complex. Indeed, this interaction was observed recently (28, 29) . However, this interaction also stabilizes the 1:1 Syntaxin/SNAP-25 binary complex to promote the formation of SNARE complex, consistent with the facilitating function of CplxI (29) . It is possible that the inhibitory function of the accessory ␣-helix is more pronounced in dmCplx, thus causing a clamp-like effect. This difference could be caused by different intrinsic properties of the accessory ␣-helices or the presence of other factors that differ in mice and flies. In addition, the synaptic overgrowth phenotype of the dmCplx null-mutant thirdinstar larvae indicates that a compensatory effect occurs during larval development in response to the absence of Cplx. This compensatory mechanism could partly contribute to the dramatic increase in spontaneous release observed in dmCplx mutants, although this is unlikely to be the main cause. To resolve this issue, it will be necessary to examine the dmCplx null-phenotype at earlier developmental stages. Additional studies are also required to elucidate the apparently distinct functions of Cplxs in different model systems. In this context, it will be important to test the function of dmCplx in mouse neurons and the function of murine Cplxs in the fly system.
Mammalian Cplxs were also shown to inhibit SNAREmediated in vitro liposome and cell fusion (5, 18) . It is possible that the inhibitory effect of the accessory ␣-helix in the Nterminal of Cplxs is somehow exaggerated in the in vitro fusion assays, or that the in vitro fusion assays are not perfectly suited to recapitulate all aspects of Cplx function in vivo, as it is apparently the case with in vivo actions of Synaptotagmin-1 (30) . Both in vivo and in vitro assays are required to dissect the molecular mechanisms of Cplx function, and they complement each other, but a prerequisite is to firmly establish the in vivo function of Cplxs. Our results conclusively define the in vivo function of Cplxs at mammalian central nervous system synapses and provide compelling evidence that Cplxs facilitate Ca 2ϩ -triggered and spontaneous neurotransmitter release and do not simply act as inhibitory fusion clamps.
Materials and Methods
Stem Cell Experiments. CplxIII mutant mice were generated by homologous recombination in embryonic stem cells as described (15, 31) . To generate the targeting vector, a genomic clone (pBlueMG-CplxIII 12) containing two exons was used. In the targeting vector, the first coding exon of the corresponding gene (representing base pairs 7-244 of the CplxIII cDNA; GenBank accession no. AY264290) was replaced by a neomycin-resistance cassette. After electroporation and selection, recombinant embryonic stem cell clones were analyzed by Southern blotting after digestion of DNA with XmnI. For hybridization, an outside probe localized 5Ј of the targeting vector long arm was used. Two positive clones were injected into mouse blastocyts to obtain highly chimeric mice that transmitted the mutation through the germ line. Germ-line transmission of the mutation was detected and confirmed by Southern blot (genomic DNA) and Western blot (brain extracts) analyses. Subsequently, genotyping was performed by PCR.
Animals. For all cultured neuron experiments, mutant mice and the respective control mice were obtained from the same litter. CplxIII-KO mice and WT control mice were generated by interbreeding of CplxIII ϩ/ Ϫ mice. CplxII/III-DKO mice were generated by interbreeding of CplxII ϩ/ Ϫ CplxIII Ϫ/Ϫ mice, and CplxIII-KO mice served as control. CplxI/II-DKO and CplxI/II/III-TKO mice were generated by interbreeding of CplxI ϩ/ Ϫ CplxII Ϫ/Ϫ CplxIII ϩ/ Ϫ mice, and either CplxII Ϫ/Ϫ , CplxII Ϫ/Ϫ CplxIII ϩ/ Ϫ or CplxII Ϫ/Ϫ CplxII Ϫ/Ϫ mice served as control.
For acute brainstem slice experiments, CplxI/II-DKO were generated by interbreeding of CplxI ϩ/ Ϫ CplxII Ϫ/Ϫ mice, and CplxI/II/III-TKO mice were generated by interbreeding of CplxI ϩ/ Ϫ CplxII Ϫ/Ϫ CplxIII Ϫ/Ϫ mice.
All procedures for maintenance and use of these mice were approved by the Institutional Animal Care and Use Committee for Baylor College of Medicine and affiliates and the local government agency of the Max Planck Institute of Experimental Medicine.
Cell Culture. Astrocytes were cultured as described (21) . Primary hippocampal and striatal neurons were prepared from mice on postnatal day 0 (P0) and grown in a chemically defined medium (Neurobasal-A medium supplemented with Glutamax and B-27; Invitrogen). Neurons were plated at a density of 300 cm Ϫ2 for autaptic culture electrophysiology experiments. Under these conditions, a single neuron on an astrocyte microisland forms recurrent synapses (autapses). For mass culture electrophysiology experiments and Western blot 
